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The KMN network (named according to the acronym 
for KNLl , Misl 2, and Ndc80) and the more recently 
identified Ska complex (Skal-3) have been shown 
to mediate kinetochore (KT)-microtubule (MT) attach- 
ments. How these two complexes cooperate to achieve 
stable end-on attachments remains unknown. In this paper, 
we show that Aurora B negatively regulates the localiza- 
tion of the Ska complex to KTs and that recruitment of the 
Ska complex to KTs depends on the KMN network. We 
identified interactions between members of the KMN and 



Ska complexes and demonstrated that these interactions 
are regulated by Aurora B. Aurora B directly phosphory- 
lated Skal and Ska3 in vitro, and expression of phospho- 
mimetic mutants of Skal and Ska3 impaired Ska KT 
recruitment and formation of stable KT-MT fibers (K-fibers), 
disrupting mitotic progression. We propose that Au- 
rora B phosphorylation antagonizes the interaction be- 
tween the Ska complex and the KMN network, thereby 
controlling Ska recruitment to KTs and stabilization of 
KT-MT attachments. 



Introduction 

Qiromosome alignment and segregation require ttiat all kineto- 
chores (KTs) establish stable bioriented attachments to spindle 
microtubules (MTs). Central to this process and providing the 
core KT-MT attachment interface at outer KTs is the conserved 
KMN network, composed of the KNLl protein and the four- 
subunit Misl2 (Misl2, Misl3, Misl4, and Nnfl) and Ndc80 
(Heel, Nuf2, Spc24, and Spc25) complexes (Santaguida and 
Musacchio, 2009). Both the NdcSO complex and KNLl bind 
directly to MTs in vitro, whereas the Mis 12 complex serves as 
a scaffold to form the KMN network and enhances the MT 
binding activities of the other components (Cheeseman et al., 
2006). KTs are also important for discriminating bipolar from 
inappropriate MT attachments and for generating a signal that 
controls the timing of anaphase onset through the spindle as- 
sembly checkpoint (Musacchio and Salmon, 2007). The mitotic 
kinase Aurora B is critical for both error correction through de- 
stabiUzation of incorrect attachments (Lampson et al, 2004; Nezi 
and Musacchio, 2009) and for checkpoint signaling (Maresca 
and Salmon, 2010; Santaguida et al., 2011). Other proteins 
localized to the KT-MT interface during mitosis also contribute 
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to the formation of stable and functional connections. Prominent 
among these is the Ska complex, composed of Skal, 2, and 3, 
which has been proposed to be required for stable KT-MT attach- 
ments (Hanisch et al., 2006; Gaitanos et al., 2009; Raaijmakers 
et al., 2009; Theis et al., 2009; Welburn et al., 2009). The Ska 
complex has also been implicated in silencing of the spindle 
checkpoint (Hanisch et al., 2006; Daum et al., 2009) and in 
maintenance of sister chromatid cohesion (Daum et al., 2009; 
Theis et al., 2009). It comprises two copies of each subunit 
and directly binds to MTs in vitro (Welburn et al., 2009). Efficient 
depletion of the Ska complex leads to severe attachment de- 
fects and unstable K-fibers, reminiscent of the KT-nuU pheno- 
type observed upon NdcSO depletion (Gaitanos et al., 2009; 
Raaijmakers et al., 2009; Welburn et al., 2009; however, see Daum 
et al. [2009]). As recruitment of the Ska complex to KTs has 
been shown to depend on the NdcSO complex (Gaitanos et al., 
2009; Raaijmakers et al., 2009; Welburn et al, 2009), the pheno- 
type observed in NdcSO-depleted cells might reflect the loss of 
both complexes. 
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Figure 1 . Aurora B antagonizes Ska complex localization to KTs. (A] HeLa S3 cells were either treated with 3.3 pM nocodazole (Noc) for 1 h before a 2-h 
incubation at 4°C (Cold) with ZM447439 (ZM) or left untreated. (B) A bar graph showing the quantification of Ska3 staining intensity at KTs (normalized 
against CREST) of cells treated as in A (>100 KTs from five cells; error bars indicate the SD of five cells), a.u., arbitrary unit. (C) GFP'^''-Ska2-expressing 
HeLa cells were treated with 3.3 (jM nocodazole for 1 h followed by 2 h with DMSO, ZM, or cold. (D) HeLa S3 cells were transfected with plasmids encod- 
ing GFP alone, Misl 2-INCENP-GFP WT, or TAA. (Ej A bar graph showing the quantification of Ska3 staining intensity at KTs (normalized against CREST) 
of cells treated as in D (>1 00 KTs from five cells; SD of five cells). Bars, 1 0 \>m. 



The available evidence indicates that the Ska complex acts 
in concert with the KMN network for generating stable end-on 
attachments. However, no interaction between the KMN net- 
work and the Ska complex has been described, and how the KT 
recruitment of the Ska complex is regulated remains unknown. 
To understand how functional KT-MT attachments are stabi- 
lized in mitosis, it is therefore critical to determine whether and 
how the Ska complex interacts with members of the KMN net- 
work and how this interaction is regulated in time and space. 

Results and discussion 

To obtain insight into the regulation of KT-MT attachment by 
the Ska complex, we first investigated how its KT localization is 
controlled. In line with a dependency on MT occupancy at KTs 
(Hanisch et al., 2006; Gaitanos et al., 2009), Ska3 staining intensity 
was about twofold higher at metaphase KTs than prometaphase 



KTs (Fig. 1, A and B). Moreover, Ska levels were clearly re- 
duced at misaligned KTs when compared with aligned KTs 
(Fig. SI A), indicating that the Ska complex preferentially accu- 
mulates at fully attached and bioriented KTs. As phosphoryla- 
tion of Aurora B substrates at outer KTs decreases as KTs 
become bioriented and tension is established (Liu et al., 2009; 
Welburn et al., 2010), we asked whether Aurora B might be re- 
sponsible for removing the Ska complex from unattached KTs. 
We monitored Ska3 localization in nocodazole-treated cells 
incubated with the Aurora B inhibitor ZM447439 (Ditchfield 
et al., 2003). In parallel, we also tested the effect of inhibiting the 
mitotic kinases Mpsl (by Mpsl-IN-1 [Kwiatkowski et al, 2010] or 
reversine [Santaguida et al., 2010]) or Plkl (by ZK-thiazolidinone 
[TAL]; Santamaria et al., 2007). Cold-treated cells were included 
as a positive control, as exposure to low temperature restores the 
KT localization of Ska proteins in nocodazole-treated cells 
(Hanisch et al., 2006; Gaitanos et al., 2009). Indeed, inhibition 
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Figure 2. Aurora B regulates the interaction between Ska and KMN. (A] HeLa S3 cells were treated for 48 h with GL2, KNLl , or Heel siRNAs or for 72 h 
with Misl 3 siRNA before treatment with 3.3 pM nocodazole (Noc) for 1 h and a 2-h incubation with DMSO or ZM. Bar, 1 0 pm. (B) A bar graph showing 
the quantification of Ska3 staining intensity, as in Fig. 1 E, of cells treated as in A (> 1 00 KTs from five cells; SD of five cells). (C) 0.33 nocodazole- 
orrested mitotic cells was treated with MGl 32 or MGl 32 plus ZM. After 2 h, cells were collected, and immunoprecipitations (IP) were performed with either 
rabbit IgGs (Rb IgG; as a control) or anti-Ska 1 antibodies. Molecular moss is indicated in kilodaltons. (Dj A bar graph showing the quantification of the 
intensities of coprecipitated proteins upon ZM treatment (relative to treatment without ZM; SD of three independent experiments). 



of Aurora B, but not Mpsl or Plkl, restored 70% of the Ska3 
KT signal detected in metaphase cells (Figs. 1 [A and B] and 
SI [B and C]). Similar results were obtained when GFP^'^-Ska2 
and endogenous Skal were examined (Figs. 1 C and SID). 
Together, these results strongly suggest that Aurora B negatively 
regulates the association of the Ska complex with KTs, reminis- 
cent of recent data on the Astrin-small kinetochore-associated 
protein complex (Schmidt et al., 2010). They further indicate 
that Aurora B plays a major role in regulating Ska recruitment 
to KTs, whereas KT-MT attachment seems to contribute to Ska 
recruitment independently of Aurora B's effect. To further 
strengthen this notion, we expressed a Misl2-INCENP (inner 
centromere protein) fusion protein, shown to increase phosphory- 
lation of Aurora B substrates by recruiting additional Aurora B 
to outer KTs (Liu et al., 2009). Expression of Misl2-INCENP, 
but not a Misl2-INCENP (TAA) mutant that is unable to acti- 
vate Aurora B (Sessa et al., 2005), resulted in a twofold reduc- 
tion of Ska3 staining at KTs (Fig. 1, D and E). 

Next, we investigated how Aurora B influences the KT 
recruitment of the Ska complex. As it has been shown that KT 



localization of Ska proteins depends on the NdcSO complex 
(Hanisch et al., 2006; Gaitanos et al., 2009; Raaijmakers et al., 
2009; Welburn et al., 2009), we asked whether other KMN 
components, notably KNLl and the Mis 12 complex, are also 
required. Indeed, depletion of not only Heel but also KNLl or 
Mis 13 abolished the KT localization of Ska3 without affecting 
Ska protein levels (Fig. SI, E-G). To exclude that this pheno- 
type was a result of an inability of cells to form proper KT-MT 
attachments, cells depleted of KNLl, Misl3, Heel, or GL2 
(Photinus pyralis lucif erase gene; as a control) were treated 
with nocodazole followed by X}AAA1A1>9. Importantly, Aurora 
B inhibition did not restore Ska3 to the KT in KNLl, Misl3, or 
Heel -depleted cells, although it did so in control (GL2 treated) 
cells (Fig. 2, A and B). This strongly argues that the KMN net- 
work is directly involved in recruiting the Ska complex to KTs 
and that Aurora B regulates the interaction between the KMN 
and Ska complexes. To corroborate this conclusion, we investi- 
gated whether KMN components could be coimmunoprecipi- 
tated with Ska proteins and whether Aurora B inhibition might 
strengthen this interaction. Indeed, Mis 12 could readily be 
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Figure 3. Aurora B phosphorylates Skal and Ska3 in vitro. (A) In vitro kinase assay with Aurora B alone or Aurora B plus ZM on the Ska complex or 
mitotic centromere-associated kinesin (MCAK; as a positive control; Andrews et al., 2004; Lan et al., 2004]. A Coomassie-stained gel and autoradiogram 
(left and right, respectively) are shown. Asterisks indicate unspecific bands in the mitotic centromere-associated kinesin preparation. Molecular moss is indi- 
cated in kilodaltons. (B) Sequence alignment of the potential Aurora B sites in Skal and Ska3 from the indicated species; alignments were performed with 
CLUSTALW (network protein sequence analysis). Potential Aurora B sites conserved across species are marked with a rectangle. (C) A table summarizing 
collected information for the seven potential Aurora B sites mutated in Skal and SkaS. (Dj In vitro Aurora B kinase assays of Skal^-His and His-Ska3^ 
and the corresponding nonphosphorylotable mutants. An autoradiogram and Coomassie-stained gel (top and bottom, respectively) are shown. 



coimmunoprecipitated with thie Ska complex, and the inter- 
action was clearly enhanced when cells were treated with 
ZM447439 (Fig. 2, C and D). Reciprocally, the Ska complex 
could also be coimmunoprecipitated with Misl2 (Fig. S2 A). 
Aurora B inhibition also revealed a faint interaction between 
the Ska complex and Heel (Fig. 2 C), but no KNLl could be 
detected in our Skal immunoprecipitates (not depicted). To see 
whether any of the subunits of the Mis 12 and Ndc80 complexes 
can interact with the Ska proteins, directed yeast two-hybrid 
experiments were performed. Importantly, we observed multi- 
ple interactions between members of the Ndc80 and Mis 12 
complexes and the Ska complex, namely Heel -Skal, Mis 13- 
Ska2, and Spc24-Ska3 (Fig. S2, B-E). Furthermore, we could 
confirm binding between Ska2 and Mis 13 by GST pull-down 
experiments (Fig. S2 F). 

Following up on earlier evidence that mitotic phosphory- 
lation of Ska3 is partly Aurora B dependent (Theis et al., 2009), 
we assayed the ability of Aurora B to phosphorylate a reconsti- 
tuted Ska complex. Under these in vitro conditions, Skal and 
Ska3, but not Ska2, were readily phosphorylated by Aurora B 
(Fig. 3 A). This phosphorylation was completely abolished by 
ZM447439 treatment, attesting to its specificity (Fig. 3 A). 
Examination of the Skal and Ska3 protein sequences revealed 
four conserved Aurora B consensus sites (K/R-X-T/S) in Skal 
(T157, S185, T205, and S242) and two in Ska3 (S87 and SllO; 
Fig. 3, B and C). Furthermore, mass spectrometric analysis of 
the in vitro phosphorylated Ska complex identified a highly 
conserved phosphorylation site in Ska3 (S159). Although this 
site does not match the canonical Aurora B consensus (Fig. 3, 
B and C), a peptide spanning SI 59 of Ska3 was clearly phosphory- 
lated by Aurora B (Fig. S3 A). In addition, several of the putative 



Aurora B sites in Ska proteins have been shown to be phos- 
phorylated in vivo in phosphoproteomics studies (Fig. 3 C; 
Nousiainen et al., 2006; Sui et al., 2008; Olsen et al., 2010; 
Santamaria et al., 2011). Thus, we generated mutants covering 
the potential Aurora B sites in Ska proteins. Kinase assays per- 
formed on nonphosphorylatable mutants (denoted as Skal'*'^ 
and Ska3^'^) confirmed that these sites represent major targets 
of Aurora B in Skal and Ska3 (Fig. 3 D). 

To assess the role of Aurora B phosphorylation on the 
Ska complex in vivo, we investigated the functionality of the 
phosphomimetic (to aspartate) and nonphosphorylatable (to 
alanine) mutants of Skal and Ska3 in HeLa S3 cells stably ex- 
pressing H2B-GFP by combining an siRNA-based comple- 
mentation approach with live-cell imaging (Figs. 4 A and S3, 
B-D). Consistent with previous work (Gaitanos et al., 2009), 
codepletion of Skal and Ska3 yielded a significant increase 
in mitotic timing (mean duration of 338 min from nuclear 
envelope breakdown [NEBD] to anaphase onset or mitotic 
cell death), and a significant proportion of cells (47.6%) died 
after prolonged arrest in mitosis but before anaphase. Of all 
Ska-depleted cells, 62% showed prolonged prometaphase with 
obvious chromosome congression defects (Figs. 4 A and S3, 
B-D), whereas the remaining cells experienced a delay with- 
out obviously misaligned chromosomes (Fig. S3 D). For 
comparison, GL2-treated control cells proceeded rapidly from 
NEBD to anaphase (mean of 42 min), only 3% displayed mis- 
alignment, and virtually no mitotic cell death was observed 
(Figs. 4 A and S3, B and D; and Videos I and 2). Although 
prolonged mitosis can lead to chromosomes scattering as a re- 
sult of cohesion fatigue (Daum et al., 2009, 2011; Gassmann 
et al., 2010), we emphasize that the misalignment defects in 
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Figure 4. Aurora B phosphorylation regulates the function and localization of the Ska complex. (A] A schematic representation of the Ska rescue protocol 
to assess mitotic progression. A box-cnd-whisker plot showing the elapsed time (minutes) that cells spent in mitosis from NEBD to anaphase onset or mitotic 
cell death (>60 cells from two independent experiments) is shown. Percentages of mitotic cell death and cells with misaligned chromosomes ore displayed 
below the plot. (B) HeLa S3 cells were treated as in A but fixed after a 10-h release from the second thymidine block. (C) Cells were treated as in B, but 
Misl 2-INCENP-GFP WT or TAA plasmids were cotronsfected with the Ska plasmids. Bars, 10 pm. 



Ska-depleted cells could be observed within 2 h after NEBD and 
before formation of metaphase plates (see example in Fig. S3 B). 
Furthermore, in Skal + Ska3-depleted cells, positive Madl sig- 
nals could be seen not only on unaligned KTs but also on some 
apparently aligned KTs (unpublished data), which is in line 
with the notion that KT-MT attachments failed to fully stabi- 
lize. These defects were largely rescued by coexpressing wild- 
type (WT) Skal (Skal^'f) and SkaS*'^ (mean of 85 min for 
mitotic timing, with only 3% cell death and 14% of cells with 
misaligned chromosomes; Figs. 4 A and S3 B and Video 3). In 
contrast, expression of neither the nonphosphorylatable mutants 
(Skal*'^ + Ska3''^) nor the phosphomimetic mutants (Skal''^ + 
Ska3^°) rescued the observed depletion phenotypes (mean of 
246 min for mitotic timing, 23 and 38% of cell death and mis- 
alignment, respectively, for Skal'*'^ + Ska3''*; mean of 297 min 
for mitotic timing, 3 1 and 40% of cell death and misalignment, 
respectively, for Skal''^ + Ska3'°; Figs. 4 A and S3, B and D; 
and Videos 4 and 5). These results suggest that precise temporal 
control of Skal/Ska3 phosphorylation/dephosphorylation is 
essential for mitotic progression. 



As Aurora B activity controls Ska localization at KTs 
(Fig. 1), we next examined the localization of the aforemen- 
tioned mutant proteins. The phosphomimetic mutants (Skal"*" + 
Ska3''°) failed to localize to KTs (Fig. 4 B), confirming that 
phosphorylation by Aurora B significantly reduces binding of 
the Ska complex to KTs. However, they still interacted with 
Heel and Spc24 in yeast two-hybrid assays, indicating they 
do not effectively mimic phosphorylation in the latter context 
(unpublished data). In contrast, the nonphosphorylatable Ska 
mutants (Skal"* -I- Ska3'"^) localized to KTs identically to their 
WT counterparts. Considering that the association of the Ska 
complex with KTs is both highly dynamic (Raaijmakers et al., 
2009) and maximal during metaphase (Fig. 1 A), we reasoned 
that the absence of Aurora B phosphorylation on the Skal'*'^ and 
Ska3''* mutants might induce premature KT recruitment (or 
prevent normal turnover) of the Ska complex at KTs. To test 
whether the nonphosphorylatable Ska mutants would resist 
Aurora B-dependent removal from KTs, Skal and Ska3 con- 
structs were cotransfected with Misl2-INCENP WT or TAA 
plasmids (Fig. 4 C). In contrast to the Ska^^ proteins, which 
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were displaced from KTs in cells expressing Misl2-INCENP, 
the nonphosphorylatable mutants persisted at KTs even in the 
presence of increased Aurora B activity at outer KTs (Fig. 4 C), 
clearly indicating that mutations preventing Aurora B phos- 
phorylation on the Ska complex severely compromise its 
Aurora B-dependent removal from KTs. 

As shown previously (Gaitanos et al., 2009), K-fiber sta- 
bility is lost upon Ska depletion. Thus, we assayed the stability 
of K-fibers after exposure of cells expressing either Ska WT or 
phosphorylation site mutants to cold. As expected, expression 



of Ska proteins in Ska-depleted cells rescued K-fiber stability 
(Fig. 5, A-C). In contrast, the phosphomimetic mutants failed to 
restore K-fiber stability, which is in line with their reduced KT 
recruitment and inability to rescue the Ska depletion phenotype. 
However, the nonphosphorylatable mutants not only supported 
stable K-fiber formation (Fig. 5, A-C) but also generated inter- 
KT tension comparable with that observed in cells expressing 
Ska*'^(inter-KT distance of 1.25 and 1.21 [jmforSkal'^^H-SkaS^^ 
and Ska^'^, respectively; Fig. S3, E and F). This then raised the 
question of why the expression of these mutants in cells caused 
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severe mitotic defects. Given that the nonphosphorylatable 
mutants persisted at KTs with high Aurora B activity (Fig. 4 C), 
we considered it plausible that these proteins might produce 
hyper-stable KT-MT attachments. Thus, we conducted monastrol 
washout assays to test the ability of these cells to correct syntelic 
attachments (Kapoor et al., 2000). 1 h after monastrol washout, 
only 30% of cells expressing the nonphosphorylatable Ska 
mutants had achieved metaphase, whereas >60% of control 
(GL2 treated) and Ska^-expressing cells had done so (Fig. 5, 
D and E). These results support the view that nonphosphory- 
latable Ska mutants cause premature and/or excessive stabiliza- 
tion of KT-MT attachments, which in turn interferes with error 
correction and gives rise to mitotic defects. Finally, we tested 
whether Aurora B might also modulate the MT binding affinity 
of the Ska complex. Aurora B did not detectably influence the 
amount of Ska protein pelleted with MTs (Fig. S3 G), although it 
strongly reduced the amount of NdcSO^™*'" examined for control 
(Ciferri et al., 2008). Together, these results demonstrate that 
Aurora B-mediated regulation of Ska complex recruitment to 
KTs is crucial to stabilize KT-MT interactions. 

Phosphorylation of the KMN subunits Heel, Misl3, and 
KNLl by Aurora B has previously been shown to reduce the 
KMN's affinity for MT binding (Cheeseman et al., 2006; 
DeLuca et al., 2006; Ciferri et al., 2008; Guimaraes et al., 2008; 
Welburn et al., 2010). Here, we describe an additional mecha- 
nism for how Aurora B can negatively regulate KT-MT attach- 
ments. We propose that the Ska complex is recruited to KTs to 
stabilize end-on attachments mediated by the KMN network and 
that Aurora B regulates this recruitment. At poorly attached and/ 
or tensionless KTs, the Ska complex is spatially close to Aurora 
B and therefore readily phosphorylated (Liu et al., 2009; Wang 
et al., 2011). This then interferes with KMN-Ska interactions 
and reduces the recruitment of the Ska complex to KTs. Once 
sister chromatids are bioriented and tension is established, mem- 
bers of the KMN and Ska complexes are dephosphorylated, 
leading to full stabilization of the KT-MT attachments. We do 
not exclude that Aurora B phosphorylation on Ska proteins could 
produce additional effects, such as influencing Ndc80 activity or 
preventing Ska proteins from interacting with proteins other 
than KMN. Likewise, Aurora B may phosphorylate additional 
targets that contribute to the interaction between KMN and Ska. 

The cooperation of the KMN network and the Ska com- 
plex in the formation of stable end-on attachments is reminis- 
cent of the relationship between the Ndc80 and Daml complexes 
in budding yeast. Thus, the Ska complex has been proposed to 
be the functional counterpart of the fungal Daml complex in 
metazoan organisms (Hanisch et al., 2006; Gaitanos et al., 2009; 
Welburn et al., 2009). Although this view is far from being univer- 
sally accepted, our present results strengthen the view that differ- 
ent organisms use an evolutionarily conserved mechanism to form 
and maintain KT-MT attachments. Similar to the results re- 
ported here, the interaction between Daml and Ndc80 is also 
regulated by Aurora B in vitro (Lampert et al., 2010; Tien et al., 
2010), and Ndc80 mutants that cannot bind Daml show defects 
in forming end-on attachments in Saccharomyces cerevisiae 
(Maure et al., 201 1). Surprisingly, Daml in Schizosaccharomyces 
pombe and Ska3 in chicken DT40 cells are nonessential for 



viability (Sanchez-Perez et al., 2005; Ohta et al., 2010), ar- 
guing that in these cells, the KMN network may be sufficient, 
albeit perhaps less efficient, to support functional KT-MT 
attachments. In the future, it will be interesting to determine 
whether the Ska complex is essential in mammalian cells. Also, 
structural information on KMN network-Ska complex interac- 
tions will hopefully contribute to our molecular understanding 
of how these proteins cooperate to perform their functions at 
metazoan KTs. 

Materials and methods 

cloning, plasmid, and siRNA transfection 

The cDNAs of Skal and Ska3 were cloned into pcDNA5/FRT/TO or 
pcDNA3.1 vectors (Invitrogen) encoding on N-termincI 3xnnyc tog or an 
N-terminal mCherry tag. An siRNA-resistant version of Skal containing 
six silent mutations and the phosphorylation site mutants of Skal and Ska3 
were generated using the QuikChange site-directed mutagenesis kit 
(Agilent Technologies). Mis! 2-INCENP-GFP and Misl2-INCENP (TAA)- 
GFP plasmids (Liu et al., 2009) were provided by S.M. Lens (University 
Medical Center Utrecht, Utrecht, Netherlands). Plasmid transfections were 
performed using TranslT-LTl reagent (Mirus Bio Corporation) according 
to the manufacturer's instructions. siRNA duplexes were transfected using 
Oligofectamine (Invitrogen) according to the manufacturer's instruc- 
tions. SiRNA duplexes for GL2 (S'-CGTACGCGGAATACTTCGA-S'), Skal 
(5'-CCCGCTTAACCTATAATCAAA-3'; Hanisch etal., 2006), Ska3 (5'-AGA- 
CAAACATGAACATTAA-3'; Gaitanos et al., 2009), hSpindly (5'-GGA- 
GAAAnTAAGAATTTA-S'), Heel (5'-GTTCAAAAGCTGGATGATC-3'; Chan 
etal., 2009), KNLl (5'-GGAATCCAATGCTTTGAGA-3'; Liu etal., 2010), 
and Misl3 (5'-GGCGTTTCAGAGGAAAGAA-3'; Obuse et al., 2004] 
were previously described. 

Protein purification, GST pull-down, and kinase assays 

All His6-tagged proteins or GST-Ska2 were expressed in Escherichia coli 
and purified by Ni-nitrilotriacetic acid agarose beads (QIAGEN) or gluta- 
thione Sepharose (GE Healthcare), respectively. The plasmid encoding 
Hisj-tagged Aurora B (Yang et al., 2008) was a gift from X. Yao (University 
of Science and Technology of China). The full-length Ska complex compris- 
ing Skal-Hiss, untagged Ska2 (a gift from A. A. Jeyaprakash and E. Conti, 
Max Planck Institute of Biochemistry, Martinsried, Germany), and His6-Ska3 
was purified as previously described (Gaitanos et al., 2009). In brief, cells 
transformed with Skal-His6 and Ska2 were mixed with cells transformed 
with His6-Ska3. Cells were then lysed in buffer containing 10 mM Tris-HCI, 
pH 8, 500 mM NaCI, 1 mM DTT, 0.05% NP-40, and 1 mM EDTA. The 
protein complexes were isolated by Ni-nitrilotriacetic acid beads and fur- 
ther purified by RESOURCE Q and Superdex 200 columns using fast pro- 
tein liquid chromatography (AKTA Explorer; GE Healthcare). Myc-Misl3 
was produced by using the TNT 17 coupled transcription/translation system 
(Promega) and incubated with glutathione Sepharose coupled with GST- 
Ska2 or GST alone for 1 h. The Sepharose beads were then washed five 
times with PBS, and bound species were resolved by SDS-PAGE and ana- 
lyzed by Western blotting. In vitro kinase assays on recombinant proteins 
were performed at 30°C in buffer (25 mM Hepes, 50 mM NaCI, 1 mM DTT, 
2 mM EGTA, 5 mM MgSOj, 10 pM ATP, and 5 pCi 7-p^P]ATP) for 30 min. 
Samples were then resolved by SDS-PAGE and visualized by autoradi- 
ography. For kinase assays on membranes, 1 2-mer peptides containing pu- 
tative Aurora B sites (S/T) of Skal and Ska3 at position 7 were generated 
using standard Fmoc (N-(9-fluorenyl)methoxycarbonyl] chemistry on a Multi- 
Pep robotic spotter (Intavis) according to the manufacturer's directions and 
immobilized on cellulose membranes. The membranes were then incubated 
with Aurora B in the aforementioned kinase buffer, and kinase assays were 
performed as previously described (Santamaria et al., 201 1 ). 

Cell culture and synchronization 

HeLa cells were cultured in a 5% COj atmosphere in DME (Invitrogen) supple- 
mented with 1 0% heat-inactivated FCS and penicillin-streptomycin ( 1 00 lU/ml 
and 100 pg/ml, respectively). Nocodazole (0.33 or 3.3 pM), thymidine 
(2 mM), and monastrol (150 \iM] were obtained from Sigma-Aldrich, and 
ZM447439 (10 pM) was obtained from Tocris Bioscience. MG132 (10 pM) 
was obtained from EMD. Reversine (0.5 fjM) was obtained from Cayman 
Chemical. Mpsl-IN-1 (2 pM; Kwiatkowski et al., 201 0) was a gift from N.S. 
Gray (Dana-Farber Cancer Institute, Boston, MA). 
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Cell lysates, immunoprecipifatlon, and Western blot analysis 

Cell lysates were prepared with Hepes lysis buffer (50 mM Hepes, 1 50 mM 
NaCI, 0.5% Triton X-100, 1 mM DTT, 30 pg/ml DNase, 30 pg/rri RNase, 
and protease and phosphatase inhibitors), and Western blotting was per- 
formed as previously described (Chan et ol., 2009). For coimmunoprecipito- 
tion, lysates were prepared using Hepes lysis buffer (buffers containing 0. 1 % 
or no Triton X-100 were used for Skal or Mis! 2 coimmunoprecipitation, 
respectively). Immunoprecipitations on cell lysates were performed using 5 pi 
of solid beads (Affi-Prep Protein A Matrix; Bio-Rod Laboratories) chemically 
cross-linked to 2-3 pg/pl of antibody against 2 mg of clarified lysates for 2 h 
at 4°C. The beads were washed four times with Hepes lysis buffer, and 
bound species were resolved by SDS-PAGE and analyzed by Western blot- 
ting. ImogeJ (Notional Institutes of Health) was used to quantify the relative 
intensities of the coprecipitated proteins in Skal immunoprecipitations. First, 
we subtracted the intensity of the measured protein precipitated with control 
IgGs from that precipitated with Skal antibodies. Intensities were then nor- 
malized by dividing them by the mean intensity of the inputs. The value from 
the Noc + MGl 32 samples was set as 1 . 

Immunofluorescence microscopy 

HeLa S3 cells or HeLa cells stably expressing GFP'^''-Ska2 (a gift from I.M. 
Cheesemon, Whitehead Institute for Biomedical Research, Cambridge, 
MA; Welburn et al., 2009] were grown on coverslips and simultaneously 
fixed and permeabilized for 10 min at room temperature in PTEMF buffer 
(20 mM Pipes, pH 6.8, 3.7% formaldehyde, 0.2% Triton X-100, 10 mM 
EGTA, and 1 mM MgCl2), as previously described (Sillje et ol., 2006). 
DNA was visualized with 2 pg/ml DAPI. Images were acquired with a 
microscope (DeltoVision; Applied Precision) equipped with Plan Apochromat 
60x/1.42 oil immersion objective (Olympus) and a camera (CoolSNAP 
HQ2; Photometries). Images were obtained with 0.2-pm-distanced optical 
sections in z axis. Deconvolution of each section and projection of all sec- 
tions into one picture were performed with softWoRx software (Applied 
Precision). For quantification of Ska KT intensity and K-fiber stability, circles 
with 0 diameter of 5 and 1 0 pixels, respectively, centered on each KT (the 
diameter of a KT was around 5 pixels) were drawn, and the intensity of 
Ska3 or a-tubulin within the circles was measured and normalized against 
the corresponding CREST (calcinosis, Raynaud's phenomenon, esopha- 
geal dysfunction, sclerodoctyly, and telangiectasia) using ImogeJ. Statisti- 
cal significances were verified by a two-tailed Student's ttest. 

Antibodies 

The following antibodies were used: mouse onti-a-tubulin (1:5,000 for 
Western blotting and 1:1,000 for immunofluorescence; Sigma-Aldrich), 
mouse onti-Hecl (1 :1 ,000; GeneTex Inc.), rabbit anti-Misl 3 (1:500; Yang 
etol., 2008), rabbit anti-KNLl (1 :500; Abeam), rabbit onti-Sko 1 (1 : 1,000; 
Hanisch et al., 2006), rabbit anti-Ska2 (1:1,000; Hanisch et ol., 2006), 
rabbit anti-Ska3 (1:1,000; Gaitanos et al., 2009), rabbit anti-mCherry 
(1 :5,000; generated by immunization of rabbits [Charles River] with His6- 
mCherry expressed in E. coli; Hubneretal., 2010), human CREST autoim- 
mune serum (1:2,000; ImmunoVision, Inc.), mouse onti-Cyclin Bl (1:1,000; 
Millipore), and mouse onti-Myc (1 :5; 9E10 tissue culture supernatant). For 
immunofluorescence analysis, primary antibodies were detected with Cy2-, 
Cy3-, and Cy5-conjugated donkey anti-mouse, -rabbit, or -human IgGs 
(1:1,000; Dianovo). 

Directed yeast two-hybrid analysis 

cDNAs encoding the respective prey or bait proteins were cloned in-frame 
with the GAL activation domain of pACT2 (Spc24) or pGAD-Cl (in the 
case of Skal, Ska2, and Ska3) vectors or the GAL-binding domain of 
pFBT9 vector (in the case of Heel , Nuf2, Spc24, and Spc25). All vectors 
were obtained from Tokora Bio Inc. Plasmids encoding members of the 
Misl2 complex (Misl2, Misl3, Misl4, and Nnfl; Kiyomitsu etal., 2010) 
were a gift from M. Yonagido (Kyoto University, Kyoto, Japan). Directed 
yeast two-hybrid experiments were performed as previously described 
(Hanisch etol., 2006). 

Time-lapse microscopy 

After siRNA and plasmid tronsfection, HeLa S3 cells stably expressing his- 
tone H2B-GFP (Sillje et ol., 2006) were imaged using a microscope 
(Eclipse Ti; Nikon) equipped with a CoolLED pE-1 excitation system and 
a 20x/0.75 air Plan Apochromat objective (Nikon) at 37°C. Images 
were acquired at multiple positions every 3 min for 18 h. GFP signal was 
acquired at each time point with a 10-ms exposure time. mCherry signal 
was acquired every 1 0 time points with a 30-ms exposure time. MetaMorph 
software (7.7; Molecular Devices) was used to collect and process the 
data. The results are displayed as box-ond-whisker plots; boxes represent 



25-75% of the cells, the line within the box indicates the median, top and 
bottom whiskers represent the 10"' and 90* percentiles, and dots represent 
the 5"' and 95* percentiles, respectively. 

MT pelleting assay 

MT cosedimentotion assays were performed as reported elsewhere (Ciferri 
et al., 2008). In a typical reaction, 3 pM Ska complex or Ndc80^°""" com- 
plex (provided by A. Musocchio, Max Planck Institute of Molecular Physiol- 
ogy, Dortmund, Germany; purified as reported in Ciferri etol. [2008]) was 
incubated with increasing concentration of Aurora B and 1 0 mM ATP and 
20 mM MgS04 for 30 min at 30°C. 6 pM taxol-stabilized MTs was added, 
and incubation was continued for a further 10 min at room temperature. 
Reactions were transferred onto 100 pi of cushion buffer (BRB80 buffer 
containing 50% glycerol and 50 pM toxol) and ultracentrifuged for 10 min 
at 80,000 rpm using a TLA-1 00 rotor (Beckmon Coulter). Equal volumes of 
pellets and supernatonts were analyzed by SDS-PAGE. 

Online supplemental material 

Fig. SI shows the localization of Skal in hSpindly-depleted or Aurora 
B-inhibited cells and Ska3 staining in mitotic kinose-inhibited and KMN- 
depleted cells. Fig. S2 shows the results from the Misl2 coimmunopre- 
cipitation, directed yeast two-hybrid experiments, and GST pull down. 
Fig. S3 shows the information from the live-cell imaging experiments, 
the measurement of inter-KT distances, and the MT pelleting assay. Vid- 
eos 1-5 show the mitotic progression of cells treated with Skal + Ska3 
siRNAs followed by tronsfection with vector control, WT, or mutant Ska 
plasmids. Online supplemental material is available at http://www.jcb 
.org/cgi/content/full/jcb.201 109001/DCl . 
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